h Galectin-9 is a pleiotropic immune modulator affecting numerous cell types of innate and adaptive immunity. Patients with chronic infection with either hepatitis C virus (HCV) or HIV have elevated circulating levels. Limited data exist on the regulation of natural killer (NK) cell function through interaction with galectin-9. We found that galectin-9 ligation downregulates multiple immune-activating genes, including eight involved in the NK cell-mediated cytotoxicity pathway, impairs lymphokine-activated killing, and decreases the proportion of gamma interferon (IFN-␥)-producing NK cells that had been stimulated with interleukin-12 (IL-12)/IL-15. We demonstrate that the transcriptional and functional changes induced by galectin-9 are independent of Tim-3. Consistent with these results for humans, we find that the genetic absence of galectin-9 in mice is associated with greater IFN-␥ production by NK cells and enhanced degranulation. We also show that in the setting of a short-term (4-day) murine cytomegalovirus infection, terminally differentiated NKs accumulate in the livers of galectin-9 knockout mice, and that hepatic NKs spontaneously produce significantly more IFN-␥ in this setting. Taken together, our results indicate that galectin-9 engagement impairs the function of NK cells, including cytotoxicity and cytokine production.
G alectin-9 (Gal-9) is a member of the galectin family of carbohydrate-binding proteins, which are characterized by the presence of two or more conserved carbohydrate-recognition domains (CRD) that bind galactose (1) . Gal-9 is widely distributed throughout various tissues, being particularly abundant in the liver (2) . We have demonstrated that Gal-9 circulates at very high levels in the serum, and its hepatic expression is significantly increased in patients with chronic hepatitis C virus (HCV) compared to normal controls (3) , and others have found high levels of Gal-9 in patients with HIV (4) . Gal-9 interacts with various ligands, the best characterized of which is the T cell immunoglobulin mucin 3 (Tim-3) cell surface molecule, widely expressed on innate and adaptive immune cells (5) . Various other molecules are known to interact with Gal-9 with functional consequences, including the Epstein-Barr virus latent membrane protein-1 (6) and several members of the protein disulfide isomerase (PDI) family (7) . Originally described as an eosinophil chemoattractant, Gal-9 is now known to be an important pleiotropic immune modulator affecting numerous immune cell types (reviewed in references 8 and 9). Gal-9 is thought to be involved in the activation of innate immune responses (3, 10) and the downregulation of Th17 (11) and Th1 responses (12, 13) . Gal-9 can promote inflammation through triggering proinflammatory cytokine production from monocytes (3) and inducing maturation of macrophages (14) and monocyte-derived dendritic cells (mDC) (10) . Conversely, Gal-9 has a major anti-inflammatory role in the induction of apoptosis in activated T cell subsets (13) , as well as in promoting the differentiation of regulatory T cells (Treg) expressing FoxP3 (3, 15) .
Natural killer (NK) cells constitute the first line of host defense against viral pathogens (16, 17) , eliminating virus-infected cells both directly via cytolytic mechanisms and indirectly by secreting cytokines such as gamma interferon (IFN-␥) (18, 19) . NK cell activity is stringently controlled by membrane-expressed inhibitory NK receptors (NKRs) that, in steady-state conditions, override signals provided by engagement of activating receptors (20, 21) . In a recent study, Gal-9 was shown to act on NK cells as an activating ligand (22) , but only when NK cells had been preprimed with proinflammatory cytokines (interleukin-12 [IL-12]/IL-18). The stimulatory effect of Gal-9 on NK cells was found to be mediated through Tim-3 (22) , which is expressed preferentially on activated NK cells (23) .
Several studies have shown Tim-3-independent immune cell regulation by Gal-9 (7, 11, 13, 24, 25) , indicating that other pathways are involved in Gal-9 modulation of the immune response. Gal-9 binding to PDI on Th2 cells results in increased cell migration (7) . Through interaction with an as-yet unidentified glycoprotein, the development of Th17 cells is inhibited in Gal-9 knockout (KO) mice (11) . Gal-9 can induce the production of proinflammatory cytokines from Th cells in a manner that does not require Tim-3 (24) . These studies suggest that immune cell regulation by Gal-9 is complex and can be mediated by additional receptors as well as Tim-3. Currently, we do not know the effects of Tim-3-independent Gal-9 signaling in NK cells. As mentioned above, Gal-9 recognizes carbohydrates, and recent reports suggest that differential glycosylation of NK cell receptors represents an important receptor regulatory mechanism for control of NK cell function (26) (27) (28) . In the current study, we investigated the effect of Gal-9 on human NK cell transcription and function and the NK cell phenotype and function of Gal-9 KO mice. Taken together, our results indicate that Gal-9 engagement can impair the function of NK cells, including cytotoxicity and cytokine production.
(Part of this work was presented as an oral presentation at the American Association for the Study of Liver Diseases, November 2010.)
MATERIALS AND METHODS
Sample collection and storage. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by cellular preparation tubes (anticoagulant sodium citrate; Becton, Dickinson [BD]). PBMCs were viably frozen in 80% fetal bovine serum (FBS) (BioWhittaker), 10% dimethyl sulfoxide (DMSO), and 10% RPMI 1640 medium (Life Technologies) and stored in liquid nitrogen for subsequent analyses.
Antibodies for detection and fluorescence-activated cell sorter (FACS) analysis of surface antigen expression. Multiparameter flow cytometry was performed using a BD FACSCanto II instrument, compensated with single fluorochromes, and analyzed using Diva software (BD Biosciences). Lymphocyte populations were identified by their characteristic forward scatter/side scatter (FSC:SSC) properties. For the human studies, fluorochrome-labeled (peridinin chlorophyll protein [PerCP]/ allophycocyanin [APC]) monoclonal antibodies (MAb) specific for CD3 and CD56 (BD Biosciences) were used to identify NK (CD3 Ϫ CD56 ϩ ), NT (CD3 ϩ CD56 ϩ ), and conventional T (CD3 ϩ CD56 Ϫ ) cells within the overall lymphocyte population. Anti-NKG2C-APC was purchased from R&D Systems. Anti-NKR MAb-APC NKG2A was obtained from Immunotech (Beckman Coulter), and NKp30 and NKp46 were obtained from BD Biosciences. For the murine studies, anti-NK1.1-PerCP (BD Biosciences) and anti-CD3e-APC-EF780 (eBioscience) were used to identify NK cells. Anti-mouse CD27-phycoerythrin (PE), NKG2D-APC, and NKp46-EF450 were purchased from eBiosciences. CD11b-V450 was obtained from BD (Horizon). Thawed cells (1 ϫ 10 6 to 2 ϫ 10 6 ) were stained for cell surface antigen expression at 4°C in the dark for 30 min. They were then washed twice in 2 ml phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) and 0.01% sodium azide (FACS wash) and subsequently fixed in 200 l of 2% paraformaldehyde (PFA; SigmaAldrich). Isotype-matched control antibodies were used to determine background levels of staining.
Microarray and gene set enrichment analyses of purified human NK cells. Human NK cells were isolated (n ϭ 4 normal control subjects) using an NK Isolation Kit II from Miltenyi Biotec according to the manufacturer's instructions. Median purity of NKs was Ͼ90% in all cases. Following isolation, the NKs were cultured at 2 million cells/ml with or without Gal-9 (5 g/ml; GalPharma) for 24 h at 37°C and 5% CO 2 . After culture, NK cells were washed and RNA extracted from cell pellets using an PicoPure RNA isolation kit (Arcturus; Applied Biosystems). Differential expression was assayed (in triplicate for each subject) using Agilent 4ϫ44K human microarrays according to the manufacturer's instructions (Agilent Technologies). Gene set enrichment analysis was performed using the DAVID Bioinformatics Resource (29) . Agilent identifiers (IDs) were used as identifiers to investigate both the upregulated and downregulated gene sets in order to identify enriched biological annotations and pathways facilitating interpretation of the microarray data. Four hundred fortyfour of the 480 downregulated genes and 222 of the 341 upregulated genes corresponded to DAVID IDs for enrichment analysis. Ingenuity pathway analysis software was also used to examine the differentially expressed genes within the context of networks and pathways.
Animals. Ten-to 12-week-old mice were used for all experiments, with the exception of the murine cytomegalovirus (MCMV) infection experiments, which used 7-week-old mice. Control C57BL/6 mice were purchased from Jackson Laboratories. The Gal-9 KO mice were kindly provided by GalPharma and were described elsewhere (15) . All animal experiments were performed humanely under a protocol approved by the Animal Care and Use Committee at the University of Colorado-Denver.
MCMV infection. Wild-type (WT) MCMV was derived from pSM3fr, a bacterial artificial chromosome (BAC) clone of the Smith strain (30) . Mouse embryonic fibroblasts (10.1) (31) were propagated in Dulbecco's modified Eagle medium (DMEM) with 10% fetal calf serum. The titer of MCMV was determined by plaque assay on 10.1 cells (32) . Seven-weekold female Gal-9 KO or C57BL/6 mice were infected intraperitoneally (i.p.) with virus (2 ϫ 10 6 PFU) in a volume of 200 l. Mice were euthanized on day 4 after infection, and their spleens and livers were harvested. Tissue samples were weighed and homogenized in 2 ml of DMEM. Homogenates then were cleared by centrifuging the samples at 2,500 rpm for 10 min. Virus yields were determined by plaque assay on 10.1 fibroblast cells and reported as PFU per gram of tissue.
Isolation of murine splenic and intrahepatic leukocytes. For isolation of intrahepatic leukocytes, explanted tissue was finely minced and homogenized with a 10-ml syringe, followed by 1 h of incubation with digestion medium (0.02% [wt/vol] collagenase IV, 0.002% DNase) at 37°C. Red blood cells were lysed in Red Blood Cell Lysis Buffer (eBioscience), and the cells were washed twice in RPMI 1640 (Gibco, Life Technologies) with 5% fetal bovine serum (HyClone, Thermo Scientific). Cells were then filtered through a 70-m filter and, if not being used immediately, were frozen in FBS plus 10% DMSO. Mouse splenocytes were harvested in a similar manner but without collagenase digestion. NK cytotoxicity assay. Thawed mononuclear cell suspensions were enriched for NKs using NK Isolation Kit II from Miltenyi Biotec according to the manufacturer's instructions. Median purity of NKs was Ͼ90% in all cases. Following isolation, the NKs were cultured with or without IL-2 (25 ng/ml; R&D Systems) for 48 h at 37°C and 5% CO 2 . Following culture, carboxy fluorescein succinimidyl ester (CFSE)-labeled target cells (K562s) were added to the NKs at effector-to-target (E:T) concentrations of 0:1 (negative control) and 10:1 (test) and incubated at 37°C for 4 h. After incubation, cytotoxicity was measured using the flow cytometrybased Total Cytotoxicity & Apoptosis Detection kit from Immunochemistry as previously described (33) . Natural cytotoxicity is measured in the absence of exogenous IL-2, and lymphokine-activated killing (LAK) is measured after culture with IL-2 (as described above). Immediately before acquisition, 7-aminoactinomycin D (7-AAD) was added to E:T populations and incubated for 15 min on ice. Cells treated with 1% Tween 20 served as positive controls.
Cell culture, degranulation, and intracellular IFN-␥ production by NK cells. Human NKs were enriched using magnetic beads and surface stained for CD3 and CD56 as described above. Isolated NKs were incubated for 24 h with IL-12 (1 ng/ml; R&D Systems) and IL-15 (10 ng/ml; R&D Systems) or medium alone. Four hours before the end of the culture, brefeldin A (BFA; 10 g/ml; Sigma) was added to all wells. Cells were harvested, surface stained for CD3/CD56, fixed for 30 min at 4°C in 100 l Fix and Perm Medium A (Caltag), permeabilized using 100 l Fix and Perm Medium B (Caltag), and incubated with anti-IFN-␥ (BD) MAb for 1 h. Cell suspensions were then washed in PBS-BSA-azide, fixed in 200 l 1% PFA, and acquired after 1 h. Murine spleen cells were cultured for 6 h in the presence or absence of phorbol myristate acetate (PMA; 10 ng/ml; Sigma) and ionomycin (1 g/ml; Sigma) (CD107a degranulation assay) or IL-12 (1 ng/ml; R&D Systems) and IL-18 (10 ng/ml; MBL International) for 24 h (IFN-␥ assay).
Real-time PCR. Gene expression was assessed using the Step One Plus real-time PCR system using the Fast SYBR green Master Mix protocol (Applied Biosystems, Life Technologies). QuantiTect primer assays for use with SYBR green detection were purchased from Qiagen/Superarray.
FIG 1
Downregulation of human NK cell-mediated cytotoxicity pathway genes in response to Gal-9. Among the genes downregulated in response to Gal-9 stimulation are genes of the NK cell-mediated cytotoxicity pathway, including the natural cytotoxicity triggering receptors 1 (NCR1/NKp46) and 3 (NCR3/NKp30) as well as CD48, CD16 (FCGR3A), the killer cell immunoglobulin-like receptor KIR3DL2, the lymphocyte cytosolic protein LCP2/ SLP-76, the perforin 1 pore-forming gene PRF1, and the v-Ha-ras Harvey rat sarcoma viral oncogene homolog HRAS/Ras. This pathway was derived from the KEGG pathway database (50).
Tim-3 blocking assays. Human NK cells were isolated (n ϭ 4 normal control subjects) and cultured under the same conditions as those for the microarray assays, with the addition of 10 g/ml anti-Tim-3 (MABB006; clone 344823; R&D Systems) or IgG control antibody (MABB006; clone 5448; R&D Systems) for 1 h prior to the addition of Gal-9 (5 g/ml). Differential expression was assayed (in triplicate for each individual subject) using real-time PCR. Intracellular IFN-␥ production was assessed as described above, with the addition of anti-Tim-3 or IgG (10 g/ml) before the addition of Gal-9. For the cytokine assays on sorted NK cell subsets, bead-purified NK cells were incubated overnight with IL-12 (1 ng/ml) and IL-15 (10 ng/ml) and FACS sorted on the expression of Tim-3 (high-and low/negative-expression [Tim-3 high and Tim-3 low/neg , respectively] subsets). Anti-Tim-3/IgG (10 g/ml) was added to NK cell subsets (2 million/ ml) for 4 h, followed by the addition of Gal-9 (5 g/ml) overnight. BFA 
FIG 2
Real-time RT-PCR confirms downregulation of genes involved in the immune system in human NK cells treated with Gal-9. We used PCR to verify the 6 genes shown to be maximally differentially expressed (greater than 7-fold change) in the microarray analysis. (A) We confirmed downregulation of five of these six genes by PCR analysis of NK cells isolated from 4 normal control subjects after 24 h of culture with Gal-9, as performed for the microarray experiment. The five genes confirmed by PCR are involved in the immune response, and all, with the exception of one (CISH), play a stimulatory role. The microarray data are shown in the black bars for comparison to the PCR data shown in the white bars. (B) The time course for each of the six genes is shown. The majority of these genes were significantly downregulated after 2 h in culture with Gal-9. (C) In addition, we tested regulation of genes involved in the cytolytic activity of NK cells (perforin and TRAIL) and found them both to be significantly downregulated after 18 and 24 h of culture with Gal-9. The bars show means Ϯ SEM, and Student's t test was used to test statistical significance.
was added, and 4 h later intracellular staining for IFN-␥ was carried out as described above. For cytotoxicity assays, bead-purified NK cells were incubated and rested overnight, FACS sorted on the expression of Tim-3 (Tim-3 high and Tim-3 low/neg subsets), and then incubated for 48 h with IL-2 (25 ng/ml). Anti-Tim-3/IgG (10 g/ml) was added to NK cell subsets for 1 h followed by the addition of Gal-9 (5 g/ml) for 1 h, and the cytotoxicity assay was carried out as described above.
Statistics. Results are expressed as medians (ranges). The nonparametric Mann-Whitney U or Student's t test (where appropriate) was used to compare differences between groups. Significance was defined as P Ͻ 0.05. The JMP 6.0 (SAS Institute) statistical software package was used.
RESULTS

Microarray analysis of human NK cells stimulated by Gal-9.
We investigated the cellular response of human NK cells from normal subjects to 24 h of Gal-9 stimulation by examining differential expression using Agilent 4ϫ44K human microarrays. A complete list of the 820 differentially expressed genes with a P value of less than 0.05 and a 2-fold expression threshold are shown in Tables S1 (downregulated genes) and S2 (upregulated genes) in the supplemental material. Microarray analysis of NK cells stimulated with Gal-9, followed by gene set enrichment analysis (29) , revealed that Gal-9 stimulation of NK cells results in a substantial downregulation of genes involved in DNA replication, DNA repair, and cell cycle, including 7 members of the minichromosome maintenance complex (mcm 3 to 8 and mcm 10), chromatin assembly factor subunit A and B, DNA-directed polymerase alpha 2 subunit and iota, and CDC45 cell division protein (Table 1) . Of note, pathway analysis revealed that 8 genes involved in the NK cell-mediated cytotoxicity pathway are downregulated, including natural cytotoxicity triggering receptors 1 (NCR1) and 3 (NCR3), CD48 (the ligand for 2B4), the Fc fragment of IgG receptor FCGR3A (CD16), the killer cell immunoglobulin-like receptor KIR3DL2, the lymphocyte cytosolic protein LCP2, the perforin 1 pore-forming protein PRF1 (perforin), and the v-Ha-ras Harvey rat sarcoma viral oncogene homolog HRAS (Table 2 and Fig. 1 ). These data suggest that the cytolytic function of NK cells is inhibited by Gal-9.
Real time RT-PCR analysis of human NK cells stimulated by Gal-9. We used real-time reverse transcription-PCR (RT-PCR) to confirm the top 6 genes shown to be maximally differentially expressed (greater than 7-fold change) in the microarray analysis ( Table 3 ). All of the six genes with greater than 7-fold change identified in the microarray analysis were downregulated. We confirmed downregulation of five of these six genes by PCR analysis of NK cells isolated from four normal control subjects (Fig.  2A) . The five genes confirmed by PCR are involved in the immune response, and all, with the exception of one (CISH), play a stimulatory role. LTB (lymphotoxin beta) is a type II membrane protein of the tumor necrosis factor (TNF) family that is involved in the induction of the inflammatory response (34) . KLRF1, also known as NKp80, encodes an activating homodimeric C-type lectin-like receptor expressed on nearly all NK cells and stimulates their cytotoxicity and cytokine release (35) . The FCGR3A gene encodes a receptor for the Fc portion of immunoglobulin G (CD16), and it is involved in antibody-dependent cell cytotoxicity (ADCC). Mutations in this gene have been linked to susceptibility to recurrent viral infections (36) . GIMAP1, GTPase IMAP family member 1, is thought to be involved in the differentiation of inflammatory T helper (Th) cells of the Th1 lineage (37, 38) . CISH belongs to the cytokine-induced STAT inhibitor (CIS) family, also known as suppressor of cytokine signaling (SOCS) protein family, known to be cytokine-inducible negative regulators of cytokine signaling (39). We did not confirm the downregulation of TRAF3-interacting JNK-activating modulator protein, which mediates cell growth encoded by the TRAF3IP3 gene (40) . In addition to verifying the microarray data (which was performed after 24 h of culture with Gal-9), we included earlier time points in our PCR analysis. Maximum gene downregulation was observed at 24 h; however, for the majority of these genes, significant downregulation was observed as early as 2 h after addition of Gal-9 to NK cells (Fig. 2B) . We also used PCR to explore the effect of Gal-9 on NK cell genes involved in cytotoxicity, as pathway analysis of the microarray data suggested inhibition of this function of NK cells by Gal-9 ( Fig. 1) . We chose to look at expression of perforin (PRF1) and tumor necrosis factor ligand (TRAIL or TNFSF10), as these are the primary molecules involved in NK cell-mediated lysis of target cells. NK cells use perforin to mediate a secretory/necrotic killing, while TRAIL mediates a cell contact-dependent apoptotic cytotoxic mechanism (41). We had found perforin to be significantly downregulated (4.9-fold) in the microarray. TRAIL was downregulated at all time points tested, whereas perforin, after initial upregulation at 6 h, was downregulated at 18 and 24 h following addition of Gal-9 (Fig. 2C) . Taken together, these data strongly suggest that exposure to Gal-9 inhibits the immune effector functions of NK cells.
Gal-9 inhibits the activity of human NK cells in vitro. NK cells eliminate virus-infected cells directly via cytolytic mechanisms; therefore, we asked if Gal-9 altered the ability of beadpurified human NK cells to lyse NK cell-sensitive targets (K562) in the presence (LAK) or absence (natural cytotoxicity) of IL-2 using a standard flow-based assay (33) . Addition of Gal-9 to cultures significantly inhibited LAK activity (Fig. 3A) , in keeping with the human PCR and microarray data. No difference was seen in natural cytotoxicity (data not shown). NK cells also produce antiviral cytokines, predominantly IFN-␥. Therefore, we cultured human NK cells with cytokines IL-12 and IL-15, which are known to stimulate NK cytokine production (23) . The addition of Gal-9 significantly decreased the proportion of IFN-␥-producing NK cells that had been stimulated with IL-12/IL-15 (Fig. 3B) .
Gal-9 regulation of human NK cell activity is independent of Tim-3. The best-described natural ligand for Gal-9 is T cell immunoglobulin and mucin domain-containing molecule 3 (Tim-3) (8), and evidence suggests a critical role for Gal-9 -Tim-3 interactions in regulating the fate of immune cells during various phases of the immune response (12, 13, 15, 22, 23, 42) . NK cells express higher levels of Tim-3 than T cells (23, 43) ; we therefore wanted to determine if the effects of Gal-9 on human NK cell function in our assays were mediated through interactions with Tim-3. We repeated the real-time RT-PCR analysis of human NK cells stimulated with Gal-9 ( Fig. 2) after preincubation with antiTim-3 or control IgG antibodies (10 g/ml; n ϭ 4). Gene expression in the IgG condition was normalized to 1 for all genes, and expression in the anti-Tim-3 condition was compared to that of the IgG control condition. Blocking Tim-3 had no effect on gene transcription for the six genes tested (Fig. 4A) . As shown in Fig. 3B , addition of 5 g/ml Gal-9 resulted in inhibition of IL-12/IL-15-induced intracellular IFN-␥ production. We performed the same intracellular cytokine assay after preincubation of isolated NK cells (n ϭ 4) with anti-Tim-3 or control IgG antibodies (10 g/ ml). Representative flow-cytometric histograms of IFN-␥ expression are shown in Fig. 4B for IL-12/IL-15-stimulated NK cells treated with IgG but without the addition of Gal-9 (upper left). IgG-treated NK cells with the addition of Gal-9 have reduced IFN-␥ expression (upper right). Results for NKs treated with antiTim-3 in the absence (lower left) or presence (lower right) of Gal-9 were similar to those of their IgG-treated counterparts. As NK cells in the above-described assays were not primed with cytokines known to upregulate the expression of Tim-3 on NK cells
FIG 4
Gal-9 inhibition of human NK cell activity is Tim-3 independent. Blocking experiments were carried out as described in Materials and Methods. (A) PCR detection of the 6 genes shown to be maximally differentially expressed (greater than 7-fold change) in the microarray analysis was performed on isolated NK cells (n ϭ 4 normal subjects) after 24 h of incubation with Gal-9 in the presence of anti-Tim-3 or control IgG antibodies (10 g/ml). Gene expression in the IgG condition was normalized to 1 for all genes (white bar), and expression in the anti-Tim condition was compared to that of IgG control samples. Blocking Tim-3 had no effect on gene transcription for all genes tested. (B) The top panel shows representative flow-cytometric histograms of IFN-␥ production in IL-12/IL-15-stimulated NK cells in the presence of IgG with or without Gal-9, and the bottom panel shows the same samples in the presence of anti-Tim-3 antibody with or without Gal-9. Downregulation of IFN-␥ was seen on the addition of Gal-9 (right 2 histograms); however, anti-Tim had no effect in this assay, as IFN-␥ production was similar to that of IgG control samples. (C) Flow-cytometric histograms show IFN-␥ production in IL-12/IL-15-stimulated, FACS-sorted Tim-3 high and Tim-3 low/neg NK cell subsets in the presence of IgG or anti-Tim-3, all treated with Gal-9. IFN-␥ production in the anti-Tim-3 conditions were similar to those of IgG controls, suggesting that blocking Tim-3 does not block the effect of Gal-9 in this assay. (D) Flow-cytometric dot plots show the same sorted samples assayed for LAK activity (as described above). CFSE-stained K562 target cells are shown on the x axis, and 7-AAD is shown on the y axis. The percentages describe the double positive (dead) cells detected after 4 h of coincubation with the indicated NK cell subset at a ratio of 10 NK cells to 1 target cell. LAK activity in the anti-Tim-3 condition was similar to that of control IgG.
before incubation with anti-Tim-3, we thought that the lack of efficacy of the blocking anti-Tim-3 antibody was related to the availability of Tim-3. Therefore, we FACS sorted NK cells (n ϭ 3) into Tim-3 high and Tim-3 low/neg subsets and incubated these NK cell subsets with anti-Tim-3 or IgG before addition of Gal-9. We then performed intracellular cytokine assays and LAK assays (as previously shown in Fig. 3A and B) . Blocking the interaction of Gal-9 and Tim-3 did not rescue NK cells from inhibition mediated by Gal-9 even after FACS sorting Tim-3 high and Tim-3 low/neg NK cell subsets (Fig. 4C and D) . These data suggest that the effects of high-dose Gal-9 on NK cells in our assays are independent of Tim-3.
NK cells from Gal-9 KO mice demonstrate greater activity. In order to test the hypothesis that the absence of Gal-9 is associated with more activated NK cells, we examined the phenotype and maturation stage of spleen-and liver-derived NK cells in Gal-9 KO mice. NK cell levels were similar in the spleens and livers of Gal-9 KO mice and control mice (data not shown). However, the mean fluorescence intensity (MFI) of CD107a, a lysosome-associated membrane glycoprotein expressed on the cell surface following release of cytotoxic granule contents (44) , and the percentage of NK cells that spontaneously degranulated were greater in Gal-9 KO mice than WT mice (Fig. 5A) . Accordingly, there were significant phenotypic differences; specifically, higher expression levels of activating receptors NKG2D and NKp46 were evident on both spleen-and liver-derived NK cells in the Gal-9 KO mice. The pattern was similar for both tissues, but the differences were more pronounced for liver-derived NK cells (Fig. 5B and C) . No difference was observed for the expression of NKG2A (inhibitory receptor), NKG2C, or CD69 (activating receptors) (data not shown).
By convention, the cell surface expression of CD27 and CD11b is used to designate the maturation stage of murine NK cells. Immature CD27 Ϫ CD11b Ϫ (double-negative [DN]) NK cells first acquire CD27 expression, become CD27 ϩ CD11b Ϫ , and then acquire CD11b, yielding double-positive (DP) CD27 ϩ CD11b ϩ NK cells, which eventually lose their CD27 expression to become fully differentiated CD27 Ϫ CD11b ϩ NK cells (45, 46) . Flow-cytometric analysis of these markers in Gal-9 KO mice showed that NK cell maturation was particularly affected in the livers of these mice, with accumulation at the CD27 ϩ stages (Fig. 6) . With regard to function, CD11b Ϫ CD27 ϩ NK cells produce larger amounts of cytokines and show decreased cytotoxicity compared to CD11b ϩ CD27 ϩ NK cells. In contrast, CD11b ϩ CD27 Ϫ NK cells express higher levels of killer cell lectin-like receptor subfamily G, member 1 (KLRG1), which is induced following NK cell activation and Ϫ ) demonstrated that in the absence of exogenous stimulation, the percentage of NKs that degranulated (CD107a ϩ ) was higher in Gal-9 KO mice (KO). MFI analysis suggested that, in addition to a higher percentage of degranulating cells, each cell expresses more CD107a in the KO mice. (B) Splenic NK cells also expressed significantly higher levels of two major activating NK receptors (NKG2D and NKp46) than wild-type (WT) controls. The observed increase in NK receptor expression activity was also seen for liver-derived NK cells (C). The bars represent medians Ϯ interquartile ranges (n ϭ 5 mice/group). A nonparametric Mann-Whitney test was used to calculate P values between control (WT) and KO groups. *, P Ͻ 0.05; **, P Ͻ 0.005.
proliferation. In addition, CD11b ϩ CD27 Ϫ NK cells are predominant in the blood, while CD11b Ϫ CD27 ϩ NK cells are found in a greater proportion in the liver (47) . As these data provided equivocal information as to the functionality of NK cells derived from Gal-9 KO mice, we further addressed this question by assaying the activity of splenic NK cells in KO and WT mice (hepatic NK cells were limiting for functional studies). As shown in Fig. 7 , production of IFN-␥ in response to cytokine (IL-12/IL-18) stimulation, as well as degranulation in response to PMA and ionomycin, is enhanced in Gal-9 KO mice. Taken together, these data suggest that Gal-9 is involved in the restriction of NK cell activity in mice.
Mouse model of viral infection. We utilized the MCMV infection model, previously shown to engage inhibitory NK cell receptors through encoded viral proteins and activate NK cells through production of IFNs (48) , in order to determine the in vivo effect of Gal-9 absence on NK cells following viral infection. We found that following 4 days of infection with MCMV, there was no difference in the PFU in either the livers or spleens between control and Gal-9 KO mice; however, the percentage of immature (CD11b/ CD27 DN) NK cells within the liver was lower in the Gal-9 KO mice, in keeping with the uninfected mice depicted in Fig. 5 . However, MCMV infection induced a greater percentage of intrahepatic NK cells that were terminally differentiated (CD11b ϩ CD27 Ϫ ). The proportion of NK cells that spontaneously produced IFN-␥ following infection was greater in the KO mice than in the wild-type mice (Fig. 8) . These data suggest that viral infection has a more profound functional effect on intrahepatic NK cells in the absence of Gal-9.
DISCUSSION
Gal-9 is highly expressed in tissues of the immune system, including bone marrow, lymph nodes, liver, thymus, and spleen, and patients with chronic viral infection have elevated circulating levels (3, 4) . Gal-9 has complex immunomodulatory roles involving effector cells of both innate and adaptive immunity. This important pleiotropic immune modulator affects numerous immune cell types (reviewed in references 8 and 9). In general, Gal-9 is thought to be involved in the activation of innate immune responses (3, 10, 22) and the downregulation of Th17 (11) and Th1 responses (12, 13) . Although a number of recent investigations have identified roles for Gal-9 in the inhibition of CD4 ϩ Th1 and CD8 ϩ T cells, expansion of regulatory T cells, secretion of proinflammatory cytokines from dendritic cells and macrophages (49) , and promotion of Th2 cell migration (7), its role in mediating NK cell function is only now emerging (22) .
The principal findings of the current study can be summarized as follows. (i) Gal-9 downregulates multiple genes involved in activation of the immune response, including those involved in the NK cytotoxicity pathway. (ii) Functional impairment of human NK cells by high-dose Gal-9 in vitro occurs independently of Tim-3. (iii) We provide novel phenotypic and functional data on NK cells in the Gal-9 KO mouse which overall suggest that in the genetic absence of Gal-9, NK cells are more active, although the maturation stage, particularly in the liver, is perturbed. (iv) We also show preliminary data that in the setting of a short-term (4-day) MCMV infection, terminally differentiated NKs accumulate in the livers of Gal-9 KO mice, and that hepatic NKs sponta- neously produce significantly more IFN-␥ in this setting than wild-type mice.
The microarray and PCR assays strongly suggested that, under the conditions used in our assays, Gal-9 inhibits the immune functions of human NK cells. This is in contrast to the current view of Gal-9 as an activator of innate immune cells (3, 10, 22) . The bestdescribed natural ligand for Gal-9 is Tim-3 (8), and evidence suggests a critical role for Gal-9 -Tim-3 interactions in regulating the fate of immune cells during various phases of the immune response (12, 13, 15, 22, 23, 42) . NK cells express higher levels of Tim-3 than T cells (23, 43) ; we therefore wanted to determine if the effects of Gal-9 on human NK cell function in our assays were mediated through interactions with Tim-3. Surprisingly, we found that inhibition of human NK cells was independent of Tim-3; this may be related to the relatively high concentration (5 g/ml) of Gal-9 in our assays. Using an NK cell line that overexpressed Tim-3, as well as primary NKs, Gleason and colleagues found that engagement of Tim-3 by Gal-9 induced NK cells to produce IFN-␥ in a Tim-3-dependent manner (22) . However, in their study the concentration of Gal-9 was lower than that used in the present study; they also found that stimulation without initial priming with the addition of cytokines (IL-12/IL-18) was associated with only modest increases in IFN-␥ production (22) . We chose to use 5 g/ml Gal-9 in our assays, as we have used this concentration previously to expand regulatory T cells and induce cytokine production from monocytes (3). Of note, Gal-9 at 5 g/ml has also been shown to inhibit CD40 signaling in T cells in a Tim-3-independent manner (25) .
Several studies have shown Tim-3-independent immune cell regulation by Gal-9 (7, 11, 13, 24, 25) , indicating that other pathways are involved in Gal-9 modulation of the immune response. Gal-9 binding to protein disulfide isomerase (PDI) on Th2 cells results in increased cell migration (7) . Through interaction with an as-yet unidentified glycoprotein, the development of Th17 cells is inhibited in Gal-9 KO mice (11) . Gal-9 can induce the production of proinflammatory cytokines from Th cells in a manner that does not require Tim-3 (24) . These studies suggest that immune cell regulation by Gal-9 is complex and can be mediated by additional receptors, as well as Tim-3. Gal-9 interaction with NK cells can be mediated by Tim-3 (22) ; however, we found that this interaction is not limited to Tim-3 and that Gal-9 can act on NK cells independently of Tim-3, extending prior work in T cells (13, 24, 25) , to downregulate several genes involved in activation of the immune response, including NK cytotoxicity. Differences in results may be related to differences in experimental conditions, such as duration of culture and concentrations of Gal-9. Functionally, the addition of Gal-9 significantly inhibited lymphokine-activated killing and cytokine-induced production of IFN-␥, further supporting an inhibitory role for this galectin under certain conditions. Moreover, in the genetic absence of Gal-9, murine NK cells are more active, demonstrating greater relative expression of the activating receptor NKG2D and higher spontaneous degranulation and IFN-␥ production. Although these knockout mice demonstrated lower frequencies of terminally differentiated NK cells, MCMV induced a higher proportion of NK cells that spontaneously produced IFN-␥ than the wild-type mice and expanded the terminally differentiated (CD11b ϩ CD27 Ϫ ) NK cells, suggesting that Gal-9 is dispensable for this phenotypic switch. That is, IFNs or other factors induced by infection might override the genetic absence of Gal-9. While we acknowledge that these murine studies are preliminary and do not examine the role of Tim-3 on NK cells in the Gal-9 KO mouse, they do support a role for Gal-9 in the inhibition of NK cells. Although the present study does not address the identification of the receptor on NK cells mediating inhibition by Gal-9, it is interesting to speculate that as Gal-9 recognizes carbohydrates, differential glycosylation of NK cell receptors is involved (26) (27) (28) .
Gal-9 may regulate the antiviral response of NK cells, including IFN production, both negatively and positively (22, 23) depending on activation thresholds, stage of infection, inflammatory stimuli, and relative expression of cellular receptor(s). In situations where the collective effect of Gal-9 signaling in NK cells favors persistence of viral infections, the reversal of this pathway may represent a novel therapeutic target. were isolated from the livers of control (n ϭ 5) and Gal-9 KO (n ϭ 5) mice after 4 days of infection with MCMV (as described in Materials and Methods). Flow-cytometric analysis was used to identify NK cells (CD3e Ϫ NK1.1 ϩ ), and the expression of CD11b and CD27 on NK cells to assess the maturation stage was analyzed as described previously (45) and in Results. Gal-9 KO mice have a lower proportion of immature and a higher proportion of fully differentiated NK cells (denoted by an asterisk). (B) Hepatic mononuclear cells were rested overnight in the presence of BFA and stained for intracellular IFN-␥ (as described in Materials and Methods). Spontaneous IFN-␥ production by hepatic NK cells was significantly higher in Gal-9 KO mice than in wild-type controls. The bars represent medians Ϯ interquartile ranges. Nonparametric MannWhitney test was used to calculate P values between control (WT) and KO groups. (C) Representative flow-cytometric histograms of spontaneous (upper) and IL-12/IL-18-stimulated (bottom) IFN-␥ production by hepatic NK cells is shown. The numbers represent the percentages of total NK cells positive in control (WT) and Gal-9 KO mice. The level of IFN-␥ production by WT and KO hepatic NK cells is similar with cytokine stimulation.
